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In Brief
Schroeder et al. show that base pair substitutions made by the replicating DNA polymerase are highly biased to specific sequence contexts. This can drive DNA polymerase to make substitutions at a higher rate in genes encoded on the lagging strand compared to genes encoded on the leading strand due to differences in their sequence composition.
All organisms must replicate their genetic information accurately to ensure its faithful transmission. DNA polymerase errors provide an important source of genetic variation that can drive evolution. Understanding the origins of genetic variation will inform our understanding of evolution and the development of genetic diseases. A number of factors have been proposed to influence mutagenesis [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Here, we used mutation accumulation lines, whole-genome sequencing, and whole-transcriptome analysis to study the locations and rate at which mutations arise in bacteria with as little selection bias as possible [11, 12] . Our analysis of greater than 7,000 replication errors in over 180 sequenced lines that underwent a total of more than 370,000 generations has provided new insights into how DNA polymerase errors sculpt genetic variation and drive evolution. Homopolymer run enrichment outside of genes causes insertions and deletions in these regions. Genes encoded in the lagging strand are transcribed such that RNA polymerase and DNA polymerase collide head-on. Head-on genes have been proposed to mutate at a higher rate than genes transcribed codirectionally with DNA polymerase progression due to conflicts between transcription and DNA replication [6, 10] . We did not detect associations between the number of base pair substitutions in genes and their orientation or expression. Strikingly, any higher mutation rate for head-on genes can be explained by differing sequence composition between the leading and lagging strands and the error bias for DNA polymerase in specific sequence contexts. Therefore, we find local sequence context is the major determinant of mutagenesis in bacteria.
RESULTS AND DISCUSSION
DNA is the storage medium for genetic information throughout cellular life. Errors made by DNA polymerase during normal DNA replication have the potential to introduce genetic variation and drive evolution. Many studies have imposed a selection or stress prior to analysis of mutational reporters [1, 6, 10] , which limits observation to a small number of possible mutations in a restricted sequence context. Recent work using mutational reporters suggests that genes encoded on the lagging strand, i.e., transcribed such that RNA polymerase will collide head-on with DNA polymerase, have higher mutation rates and evolve more quickly than genes transcribed codirectionally [6, 10] . A translesion DNA polymerase, PolY1, has been suggested to mediate this effect [10] , but the contribution of the replicative DNA polymerase is unclear. Local sequence context has a strong effect on DNA polymerase error rate in vivo [9] , and this cannot be fully appreciated when using mutational reporters. Therefore, a combination of genome-wide and transcriptomewide approaches is necessary to determine the combined effects of sequence composition, gene expression, and gene orientation on mutation rate. In prior bacterial mutation accumulation (MA) line work, the effect of transcription on mutation was either not determined or the mutations analyzed were not likely to be caused by DNA polymerase errors [2, 4, 9, 13] . Integrating our MA line analysis with RNA sequencing (RNA-seq) data, we were able to determine to what extent sequence context, gene expression, and gene orientation impact DNA polymerase accuracy. Our study shows that head-on genes have a slightly higher mutation rate than codirectional genes, and this difference can be explained entirely by the differing sequence composition of head-on genes and the error bias of DNA polymerase within specific sequence contexts.
In order to determine factors impacting mutation occurrence in vivo, we observed mutations caused by DNA polymerase errors during DNA replication throughout the genome of the model bacterium Bacillus subtilis using MA lines [11, 12] . MA lines make use of repeated bottlenecks to reduce selection against highly deleterious mutations. We inactivated DNA mismatch repair (MMR) and determined where and in what context base pair substitutions (BPSs) and insertions and deletions (indels) were produced by DNA polymerase.
Our results are briefly summarized in Table S1 , and a full list of the variants is presented in Table S2 . Loss of mutSL gave rise to a 60-fold increase in overall mutation rate (Table S1) , which is similar to what we observed using rifampin resistance as a measure of mutation occurrence ( Figure S1 ). In the absence of mutSL, an average of 15.5 generations pass between mutations, yielding a DNA polymerase error rate of one error resulting in a mutation per z59,000,000 nucleotides replicated. In wild-type B. subtilis DNA replication is accurate, with an average of 909 generations between mutations (Table S1 ). This is similar to E. coli, which undergoes z1,000 generations between mutations [4] . WalJ is a 5 0 / 3 0 exonuclease involved in MMR in Bacillus species [14] (Table S1 and Figure S1 ). Because ablation of mutL endonuclease activity and deletion of walJ and mutSL all yield defects in MMR with identical mutation spectra (Figure S1D) , for the remainder of this study, we binned data from the mutL[E468K], DwalJ and DmutSL lines such that 6,952 mutations were present in the combined total of 118 MMRÀ lines, and 295 mutations were present in the wild-type MMR+ lines.
To assess the possibility of selection bias in our study, we determined the ratio of nonsynonymous to synonymous base pair substitutions. We found the nonsynonymous to synonymous ratio was 3.0 and 2.1 in MMR+ and MMRÀ lines, respectively ( Figure S2A ). Monte Carlo simulation of expected ratios of nonsynonymous to synonymous substitutions revealed that there was a slight enrichment of nonsynonymous substitutions in our data compared to expected distributions ( Figure S2A ). This is in close agreement with prior MA line work in B. subtilis and indicates that selection bias was minimized throughout the MA line procedure [9] .
Globally, indels appeared to be evenly distributed throughout the genome ( Figure S2B ). However, upon closer examination of the relationship between indel and gene locations, we determined that indels were enriched outside of coding sequences (CDSs) ( Figure 1A ). Long homopolymer runs are also enriched intergenically ( Figure S3A ). In agreement with other studies, indel mutation rate in our dataset increases exponentially with increasing homopolymer run length [4] (Figure S3B ). This yields a very high rate of indel occurrence in homopolymer runs longer than five nucleotides. Given that indels are enriched between CDSs and indel rate is very high in homopolymers, we tested whether intergenic enrichment of indels was caused by concomitant enrichment of homopolymer runs.
Most indels observed immediately outside CDSs were in homopolymer runs ranging in length from six to eight ( Figure 1B ). Because the reference genome contains only 28 homopolymer runs of length nine and two homopolymers of length ten, few indels were observed in homopolymers of these lengths. Correcting for the bias in homopolymer run distribution, we found that enrichment of indels outside of CDSs can be explained by enrichment of homopolymer runs in these regions ( Figure 1 ). We propose that CDSs containing long homopolymer runs have been selected against due to the high propensity of long homopolymers to obtain indels, which will cause frameshifts and loss of CDS function.
Grouping transitions into their four possible categories, we found that complementary transitions, i.e., C / T and G / A or T / C and A / G, accumulated symmetrically between the two replichores regardless of whether MMR was intact (Figures 2B and 2C ). This distribution cannot be explained by bias in the distribution of nucleotides between the replichores, as our calculation of mutation rate in Figure 2C was normalized to the number of each nucleotide found in the reference sequence of each replichore. A similar complementary symmetry was observed in undomesticated B. subtilis, Mesoplasma florum, E. coli, and S. cerevisiae [4, 8, 9] . We attribute the complementary symmetry of transition accumulation between the replichores to differences in the fidelity of leading and lagging strand replication [1] .
It has recently been suggested that head-on oriented genes have an increased mutation rate due to collisions between RNA and DNA polymerases [6, 10] . We therefore tested whether expression of CDSs and their orientation relative to replication impacted CDS mutation rate by performing RNA-seq and integrating transcript abundance with MA line data for BPSs. We performed multiple linear regression using the number of BPSs in each CDS as the dependent variable against CDS orientation, length, steady-state transcript abundance (RPKM), the interaction between orientation and length, and the interaction between orientation and RPKM (see Equation S5 in Supplemental Information and Supplemental Experimental Procedures). We found that orientation of a CDS was a significant predictor of the number of BPSs it accumulated only if outliers were included in the regression (Figure 3) . Performing a separate regression using only those genes within 3 SD of the mean length or RPKM (11 head-on and 90 codirectional of the total 4,163 CDSs were determined to be outliers) yielded gene length as the only significant predictor of the number of BPSs in a CDS ( Figure 3 and Table S3 ). We conclude that in the absence of strong selective pressure for specific BPSs and when virtually all sequence contexts can be interrogated, gene expression and orientation has no detectable effect on See also Figure S3 . mutation rate. It is possible, however, that more generations and observed mutations would enable us to detect an effect of gene orientation. Therefore, we performed Monte Carlo simulation of millions of generations to determine whether the mutation rates of head-on and codirectional genes are impacted by local sequence context. Sequence context has been shown to affect DNA polymerase error rate in vitro and mutation rate in vivo in a variety of experimental systems [8, 9, [15] [16] [17] [18] . We therefore asked how sequence context affects DNA polymerase error rate in our experiment. We binned all transitions in our MMRÀ data (5,798 transitions) into one of the 64 possible triplet sequence contexts, depending on the reference base that underwent transition (focal base) and the bases 5 0 and 3 0 of the transition as present in the leading strand. Similar to prior work, the triplets with the highest transition rate were 5 0 -CCG-3 0 , 5 0 -GCG-3 0 , and 5 0 -CAC-3 0 [9] . The effect of neighboring sequence context on DNA polymerase error rate is very strong, as the transition rate of 5 0 -CCG-3 0 was 403-fold greater than that of the triplet with the lowest transition rate, 5 0 -AGT-3 0 after normalizing to the number of each triplet present in the leading strand of the genome ( Figure 4A ). The effect of neighboring leading strand sequence context in MMRÀ lines was symmetrical between the replichores (Figure S3C) , and a similar trend was observable in MMR+ lines, although we were unable to analyze the two replichores independently due to loss of resolution from having only 198 transitions in the MMR+ data ( Figure S3D ). Transversions were rare, with 113 in MMRÀ lines and 56 in MMR+ lines. We were therefore unable to test effects of context on transversion occurrence. We conclude that transition rate is highly influenced by neighboring nucleotide context. We next tested whether context-dependent transition rate and sequence composition could result in different transition rates for head-on versus codirectional CDSs.
Triplet nucleotide composition in the leading strand of head-on and codirectional genes differs substantially, and the triplet with the highest transition rate, 5 0 -CCG-3 0 , accounts for a greater proportion of the triplets in head-on CDSs than in codirectional CDSs ( Figure 4B ). Given the overabundance of 5 0 -CCG-3 0 in head-on CDSs, we tested whether head-on CDSs had a higher transition rate. Although our multiple linear regression analysis in Figure 3 did not detect a difference in the BPS rate of head-on and codirectional genes, we surmised that our MA lines may not have undergone sufficient generations to detect a true underlying difference. We therefore carried out 1,000 independent iterations of simulating 500,000 generations. We began by introducing transitions according to the contextdependent transition rates in MMRÀ lines. This method reproduced the experimental MMRÀ transition rate, with a simulated genome-wide transition rate of 1.37 3 10 À8 per generation per nucleotide compared to the experimental rate of 1.38 3 10
À8
per generation per nucleotide. Such remarkable concurrence between the experimental transition rate and the transition rate we expect based only on the effects of sequence context reveals that local sequence context is the most important factor impacting transition rate due to replicative DNA polymerase errors.
Our simulations revealed that head-on genes do, indeed, have a higher transition rate than codirectional genes ( Figure 4C ). To test to what extent 5 0 -CCG-3 0 in the leading strand caused head-on genes to obtain transitions at a higher rate, we performed another 1,000 independent iterations of 500,000 generations with 5 0 -CCG-3 0 transition rate set artificially to zero. The resulting simulated mutation rate was overall lower, further displaying the importance of context-dependent transition rate in determining mutation rate. The distributions of simulated transition rates in head-on and codirectional genes also revealed a reversal of the former trend, with head-on genes having a lower transition rate when 5 0 -CCG-3 0 transition rate was set to zero ( Figure 4C) , showing that 5 0 -CCG-3 0 abundance in the leading strand of head-on genes is partly responsible for their higher mutation rate. To assess the power of our experiment to detect the difference in transition rate between head-on and codirectional genes we carried out the simulation over a range of generations. We tested the hypothesis that head-on genes have a higher transition rate than codirectional genes after each of the 1,000 iterations for each number of generations. The proportion of p values % 0.05 is an indicator of the power of the experiment at a given number of generations. As expected, the power of our experiment to detect a greater transition rate in head-on genes increased with increasing number of generations only when 5 0 -CCG-3 0 transition rate was normal ( Figure 4D ), suggesting that the difference observed after 1,000 iterations of 500,000 generations in Figure 4C reflects a true underlying difference in the transition rate. Using separate Monte Carlo simulations we determined that triplet nucleotide composition of the leading strand also changed more quickly in head-on genes in a manner that is partially dependent on overabundance of 5 0 -CCG-3 0 in head-on CDSs ( Figure S3E ). Therefore, differing sequence composition of head-on and codirectional CDSs drives a higher rate of change in the sequence of head-on CDSs.
Mutations drive evolution and genetic disease. What is the source of mutagenesis? There is no single answer to this question, as many potential sources of mutations exist under varying circumstances. Errors made during DNA replication under relatively stress-free growth conditions are one source of mutagenesis in bacteria, and evolution occurs due to natural selection acting on genomes that are dynamic due to many potential sources of mutagenesis. Recent models propose that genes encoded on the lagging strand evolve more quickly due to a higher mutation rate caused by conflicts between replication and transcription in a manner resembling stress-induced mutagenesis [6, 10] . This may be an accurate depiction of the nature of mutagenesis when specific conditions are met. However, observing mutations that accumulate genome-wide in the near absence of exogenous stress, we find that a different model is able to describe the evolution of head-on genes.
Our work shows that local sequence context is the major determinant of mutagenesis. Genes in which RNA and DNA polymerases collide head-on have a higher mutation rate than codirectional genes. Under the relatively stress-free conditions of our MA line procedure, this can be explained by an overabundance of a triplet nucleotide sequence with an extremely high transition rate, 5
0 -CCG-3 0 , in the leading strand of head-on genes.
EXPERIMENTAL PROCEDURES
The list of strains used in this study is presented in Table S5 . Detailed experimental procedures can be found in the Supplemental Information.
ACCESSION NUMBERS
The accession number for the genome sequencing and RNA-seq alignments reported in this paper is SRA: SRP067020. Table S4 for a summary of each CDS including which were determined to be outliers. (B) A table listing the variables determined to be significantly associated with the average number of BPSs found in CDSs either with or without outliers. See Table S3 for detailed results and Equation S5 in Supplemental Information for the regression model.
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Leading strand focal deoxynucleotide Leading strand 5′ deoxynucleotide Leading strand 3′ deoxynucleotide The simulation performed in (C) was carried out at a range of generations per iteration. For each number of generations, 1,000 iterations were performed, and hypothesis testing was carried out to test whether head-on genes had a mutation rate greater than that of codirectional genes. The proportion of those 1,000 p values less than or equal to 0.05 is plotted in the y axis against the number of generations per iteration. See also Figure S3 .
